Background and objectives Local neurotoxicity of local anaesthetics is a well known phenomenon which is determined by lipophilicity. Recent reports have indicated the relevance of local anaesthetic-induced cytotoxicity also in nonneuronal tissues. This study re-evaluates the role of lipophilicity in local anaesthetic cytotoxicity in nonneuronal cells. In addition, the toxicities of pipecoloxylidine S(À) enantiomers were investigated. Methods Local anaesthetic-induced cytotoxicity was investigated in vitro in T-lymphoma cells (Jurkat). Cells were incubated with each of eight different local anaesthetics, two esters and six amides. Annexin V-fluorescein isothiocyanate and 7-aminoactinomycin D double staining followed by flow cytometry were used to investigate the fraction of early apoptotic cells as well as the overall cell death. The concentrations leading to 50% cell death (LC 50 ) were calculated and compared. In a second step, we compared the toxicities of S(À) bupivacaine and the racemate as well as R(R) and S(À) ropivacaine. Results Concentration-dependent cytotoxicity was observed for all investigated local anaesthetics. Apoptosis was seen at low concentrations, whereas necrosis was observed at higher concentrations. LC 50 values of the different local anaesthetics yielded the following decreasing order of toxicity: tetracaine, bupivacaine, ropivacaine, prilocaine, procaine, lidocaine, articaine and mepivacaine. Toxicity correlated with octanol/ buffer partition coefficients, but was independent of the ester or amide linkage. There was no effect of stereoisomerism on apoptosis and necrosis. Conclusion Moderate correlations for cytotoxicity with lipophilicity and clinical potency of local anaesthetics can be found in nonneuronal cells that are less than those reported previously with neuronal cells. Structural factors such as ester or amide linkage or stereospecificity do not have any influence on cytotoxicity. Although S(À) enantiomers may be advantageous with regard to systemic toxicity, they have no advantage in respect of local cytotoxicity in vitro.
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Introduction
Cytotoxicity and apoptosis induction have been reported for several local anaesthetics in different tissues of varying origin in vitro and in vivo. [1] [2] [3] [4] [5] [6] [7] Although the focus traditionally has been on neurotoxicity, cytotoxicity in other tissues such as muscle and cartilage has recently received more attention. [3] [4] [5] [6] Thus, local anaesthetic cytotoxicity seems to be a universal phenomenon. We demonstrated recently in neuronal cells that lipophilicity and local anaesthetic potency are factors determining neurotoxicity. 8 In the present study, we examined whether these results could be transferred to nonneuronal cells by using a T-lymphoma cell culture model that had been evaluated previously for lidocaine-induced cytotoxicity. 1 In addition, we wanted to determine whether stereoisomerism can influence local anaesthetic cytotoxicity.
The mechanism of direct neural toxicity is unrelated to blockade of the voltage-gated sodium channel or electrical inactivation of the neurones. [9] [10] [11] Therefore, it is not surprising that local anaesthetics are toxic in not only excitable tissues such as neurones 1,2 and muscle cells 3, 4 but also in nonexcitable tissues. [5] [6] [7] [12] [13] [14] [15] Specific properties of local anaesthetics, including the chemical structure, might determine toxicity. Esters have been considered to be more neurotoxic in comparison to amides. [16] [17] [18] There are conflicting results as to whether stereoisomerism affects cytotoxicity. The more recently introduced S(À) enantiomers have been shown to be less cardiotoxic after systemic administration in comparison to the R(þ) enantiomers. 19, 20 Likewise, S(À) bupivacaine seemed to be more beneficial in a mouse model of central excitotoxicity, 21 whereas the bupivacaine enantiomers were equally neurotoxic when applied intrathecally in rats. 22 Thus, the question of whether toxicity induced by local anaesthetics at the cellular level is influenced by stereospecific properties remains unanswered. Beyond the possible clinical relevance of such a finding, a stereospecific effect would suggest a specific binding structure for local anaesthetics by which toxicity is induced.
Consequently, we determined the concentrationtoxicity curves for articaine, bupivacaine, lidocaine, mepivacaine, prilocaine, procaine, ropivacaine and tetracaine in human T-lymphoma cells to compare with our previous results in a neuroblastoma cell line. 8 In addition, we compared the cytotoxicities of ropivacaine enantiomers and the commercially available formulations S(À) bupivacaine (levobupivacaine) and racemic bupivacaine.
Methods

Reagents
All local anaesthetics were investigated as hydrochloride salts. Bupivacaine, lidocaine, mepivacaine and prilocaine were obtained from AstraZeneca (London, UK). Procaine was purchased from Jenapharm (Jena, Germany), whereas articaine and tetracaine were obtained from Sanofi Aventis (Paris, France). S(À) Bupivacaine (levobupivacaine) was purchased from Abbott (Wiesbaden, Germany). Differences in expressed formulation of S(À) bupivacaine were taken into account by using the molecular weight of the base instead of the hydrochloride salt for calculation of all dilutions. 23 Ropivacaine and enantiomers were kindly provided by AstraZeneca, Research and Development (Sö dertälje, Sweden). PBS without calcium and magnesium was purchased from Gibco, Invitrogen (Carlsbad, California, USA). All other reagents were purchased from Sigma-Aldrich (St Louis, Missouri, USA).
Cell culture
The origin and characteristics of human Jurkat T-lymphoma cells have been described before. 1, 24, 25 The cell line was grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heatinactivated foetal calf serum, 50 Units mL À1 penicillin and 50 mg mL À1 streptomycin. Cells were cultured in a humidified atmosphere containing 5% carbon dioxide at 378C.
Exposure to local anaesthetics and experimental protocol
To produce logarithmic growth, cells were cultured for 12-24 h in complete medium at a concentration of 4 Â 10 5 cells ml À1 prior to the experiment. Subsequently, samples were prepared each with 4 ml of cell suspension and a density of 1 Â 10 5 cells ml À1 . Cells were treated for 24 h at 378C with medium alone as a negative control, or with indicated concentrations of local anaesthetic diluted in the cell culture medium. In a second set of experiments, the enantiomers of ropivacaine and bupivacaine were studied according to the same protocol, but three concentrations around the concentration leading to 50% cell death (LC 50 ) were chosen. The pH value of the medium (7.40, range 7.35-7.43) was not influenced by the addition of local anaesthetic.
Apoptosis detection assay
Staining with fluorescein isothiocyanate (FITC) conjugated annexin V (Molecular Devices, Franklin Lake, New Jersey, USA) and 7-aminoactinomycin D (7-AAD) was used. Positive staining for annexin V indicates the translocation of phosphatidylserine to the outer surface of the plasma membrane in the presence of early apoptosis. 26 In contrast, cells in a later state of apoptosis or primarily necrotic cells stain positive for 7-AAD, because the cells are not able to exclude 7-AAD via the disrupted membrane. 27 Overall cell death is defined as the sum of percentages of early apoptotic cells (annexin V positive) and necrotic cells (annexin V and 7-AAD positive) in the absence of cells stained solely with 7-AAD.
For annexin 7-AAD staining, cell culture medium was transferred from sample wells to analysing tubes. Cells were then washed twice with cold PBS and resuspended in 97 ml annexin binding buffer (10 mmol 
CaCl 2 ) at a concentration of 1 Â 10 6 cells ml À1 . Next, the samples were incubated with 5 ml of annexin V-FITC and 2 ml 7-AAD (50 mg ml À1 ) for 15 min protected from light at room temperature. A volume of 150 ml of annexin binding buffer was added and the cells were resuspended and analysed immediately.
All flow cytometric analyses were performed using a FACScalibur flow cytometer and CellQuest analysis software (BD Biosciences Franklin Lakes, New Jersey, USA). A minimum of 10 000 cells were analysed for each probe.
Statistical analysis
All experiments were performed in triplicate. SPSS (Statistical Package for Social Sciences) program version 16.0 (SPSS Inc., Chicago, Illinois, USA) was used for calculations. Results are expressed as mean (AESD) or 95% confidence intervals (CIs). Under the guidance of our statistics department, concentration-response curves were fitted using probit regression. Comparisons of the LC 50 , which were obtained from probit analysis as mean (95% CIs), were achieved using one-way analysis of variance (ANOVA) with Tukey's posthoc test. Spearman rank correlations for LC 50 values were estimated with lipid solubility, clinical blocking potency, pK a or unionised fraction at pH 7.4, protein binding and molecular weight. In order to weigh results evenly from all eight local anaesthetics, only LC 50 values for racemic bupivacaine and ropivacaine were included in the correlation analysis. Comparisons between percentages of cell death induced by different enantiomers were tested with the Wilcoxon rank-sum test. P less than 0.05 was considered significant.
Results
All local anaesthetics induced early and late apoptosis (or primary necrosis) as indicated by 7-AAD and annexin V double staining. Local anaesthetic concentrations below the half maximal toxic concentration (LC 50 ) led to an increase in cells in an early stage of apoptosis (annexin V positive only) of 69.7 AE 18.9% of overall cell death. In contrast, higher local anaesthetic concentrations (above LC 50 ) induced double staining for annexin V and 7-AAD in 78.6 AE 13.1% of detected cell deaths, indicating a later state of apoptosis or primary necrosis.
All local anaesthetics induced a reduction in cell viability (annexin V positive cells irrespective of 7-AAD staining) in a concentration-dependent manner (Fig. 1) . The concentrations decreasing cell viability varied from 0.2 to more than 10 mmol l À1 for the different local anaesthetics (Fig. 1) .
Concentration-toxicity functions were analysed using probit regression. Cell death was defined as the percen- In a separate set of experiments, we focused on the role of enantiomerism in local anaesthetic-induced cytotoxicity. At the selected three concentrations, S(À) bupivacaine and the racemate induced equal cytotoxicity (Fig. 3) . Consequently, the LC 50 for S(À) bupivacaine (1.2 mmol l À1 ; 1.1-1.3) did not differ significantly from that of racemic bupivacaine. Likewise, similar percentages of cell death were detected after incubation with ropivacaine enantiomers (Fig. 3) . Again, we found no difference in LC 50 values, which were 2.9 mmol l À1 (2.6-3.3) for S(À) ropivacaine and 2.7 mmol l À1 (2.2-3.3) for R(þ) ropivacaine. These data confirm that the cytotoxicities of both bupivacaine and ropivacaine are independent of stereospecificity.
The LC 50 values correlated moderately with octanol/ buffer distribution coefficients and the clinical potencies of the local anaesthetics known from the literature, [28] [29] [30] indicated by correlation coefficients of r ¼ À0.738 and 0.741, respectively. Correlation scatter plots and regression line with 95% CIs are displayed in Fig. 4 . Both factors correlated significantly with local anaesthetic toxicity (P < 0.05), whereas all other physicochemical properties ( pK a or unionised fraction at pH 7.4, protein binding and molecular weight) 28 did not. Thus, the more Local anaesthetic-induced cytotoxicity 37 lipophilic and more potent a local anaesthetic is, the more cytotoxic it is.
Discussion
All local anaesthetics were cytotoxic at concentrations well below those injected clinically. In our in-vitro model, bupivacaine induced toxicity at concentrations measured in cerebrospinal fluid (CSF) of humans within 45 min of induction of spinal anaesthesia. 31 As demonstrated previously in neuronal cells, the toxicities of local anaesthetics correlated with octanol/buffer partition coefficients and relative clinical potencies in this nonneuronal cell culture. Furthermore, the cytotoxicity of ropivacaine and bupivacaine was not stereospecific.
It has been demonstrated previously that local anaesthetics can induce apoptosis. 2, [12] [13] [14] [15] [32] [33] [34] Many studies investigated only a single substance. [12] [13] [14] [32] [33] [34] Therefore, it is difficult to compare the toxic potencies of the various local anaesthetics. Boselli et al. 15 compared the toxicities of lidocaine and ropivacaine in human lymphocytes. Unfortunately, in that study, only one concentration of each drug was investigated. The authors admitted this methodological disadvantage and recommended studies investigating broader ranges of concentrations and local anaesthetics.
Recently, Lee et al. 18 found that tetracaine, but not lidocaine, S(À) ropivacaine, racemic bupivacaine or S(À) bupivacaine, induced apoptosis in a primary astrocyte cell culture model. Unfortunately, these authors investigated only concentrations below 1 mmol l À1 . At these concentrations, only tetracaine caused significant cell death in our model. Since Lee et al. 18 did not investigate higher 38 Werdehausen et al. Comparisons of apoptosis/cell death induction between the different enantiomers of bupivacaine and ropivacaine. Cells in early apoptosis, staining positive for annexin V and negative for 7-AAD, are depicted in hatched areas, whereas cells in late apoptosis or necrosis are depicted in black areas. There was no significant difference between S(À) bupivacaine (S-Bupi) and racemic bupivacaine (Bupi) or between S(À) ropivacaine (S-Ropi) and R(þ) ropivacaine (R-Ropi). 7-AAD, 7-aminoactinomycin D. concentrations, their results do not contradict our findings. Perez-Castro et al. 35 and our group compared the toxic effects of procaine, mepivacaine, lidocaine, chloroprocaine, ropivacaine and bupivacaine in human neuroblastoma cells and found a similar order of toxicity as presented here. 8 In comparison to the results in neuroblastoma cells, the Jurkat lymphoma cells used in the present study were about 30-50% more sensitive to local anaesthetic toxicity. Thus, counter-intuitively, nonneuronal cells seem to be more sensitive than neuronal cells to local anaesthetic toxicity. However, mepivacaine was comparatively less toxic in lymphoma cells than in neuronal cell for unknown reasons. Although the clinical potencies of articaine, mepivacaine, lidocaine and procaine are roughly the same, they vary in cytotoxicity almost threefold (Fig. 4) . Nevertheless, lipophilicity, and therefore potency, influences the toxicity of local anaesthetic also in nonneuronal cells, although to a lesser extent than in neurones (R 2 ¼ 0.54 compared with 0.77, respectively). 8 Therefore, the moderate correlation found in this study suggests that lipophilicity is not the only determinant of toxicity in nonneuronal cells, but that other structural properties might also influence toxicity. As in neuronal cells, no other physicochemical property, such as ionisation constant or protein binding, correlated significantly with cytotoxicity. This observation was the reason why we wished to study enantiomerism.
Lirk et al.
2 compared the neurotoxic effects of lidocaine, bupivacaine and ropivacaine in rodent primary dorsal root ganglia cell cultures. In equipotent concentrations, the percentages of cell death did not differ among these local anaesthetics. Although they compared only one concentration of each of three local anaesthetics, their results are consistent with our findings.
As indicated above, the LC 50 of bupivacaine in our study is in the concentration range measured in the CSF of patients within 45 min after single-shot spinal anaesthesia. 31 Unfortunately, there are no data relating to concentrations in the CSF over a longer period. The calculated half-life of bupivacaine in the CSF was 50.8 min in patients after intrathecal injection. 31 In our model, cells were exposed for 24 h to a constant concentration of local anaesthetic. This may explain why toxicity is very rarely observed clinically. Thus, apart from concentration, the duration of exposure to a local anaesthetic may be important with regard to cytotoxicity.
Probably the most interesting finding of our study is that local anaesthetic cytotoxicity is not stereospecific. Research suggesting that the more recently introduced S(À) enantiomers induced less systemic toxicity ensured their quick adoption into clinical practice. 36 After peripheral nerve blocks, bupivacaine seemed to be associated with an increased percentage of nerve injuries in comparison to S(À) ropivacaine in one retrospective study, 37 but these results were not confirmed by more recent evidence. 38 In an animal model of myotoxicity, 39 bupivacaine enantiomers decreased ATP levels in muscles equally by mitochondrial enzyme inhibition,
Local anaesthetic-induced cytotoxicity 39 but only S(À) bupivacaine interfered significantly with calcium homeostasis. After intrathecal application in rats, 40 nerve injury scores were not significantly different after injection of R(þ) or S(À) bupivacaine. Although this animal model is much closer to the clinical situation, it can measure the effects only semi-quantitatively, whereas our model has the advantage of quantifying the effects of stereoisomerism more precisely. Our results are in accordance with these in-vitro studies in muscle and neuronal tissues. Thus, the local cytotoxic effect of local anaesthetics does not seem to be stereospecific in any tissues.
In isolated guinea pig hearts, the S(À) enantiomer of bupivacaine blocked atrioventricular conduction to a lesser extent than the R(þ) enantiomer, 20 whereas the inhibition of mitochondrial bioenergetics in the rat heart was not stereoselective. 41 Therefore, one might speculate that, similar to the effects of lidocaine, 1,33 the induction of mitochondrial dysfunction and subsequent release of apoptotic substances may be the relevant mechanisms, and not stereospecificity, despite the fact that stereospecificity influences clinical toxicity of local anaesthetics.
Cell culture models, such as the one used in the present investigation, have several limitations in transferring results to the in-vivo situation. Jurkat lymphoma cells are dividing in an artificial environment during exposure to local anaesthetic. Furthermore, Jurkat cells are not of ectodermal origin. However, apoptosis induction and cytotoxicity have been shown in cells of endodermal, mesodermal and ectodermal origins. [1] [2] [3] [4] [5] [6] [7] As cytotoxicity of local anaesthetics is common to all tissues, Jurkat cells have been used previously to investigate the mechanisms of local anaesthetic-induced cytotoxicity. 1 Jurkat cells are more sensitive to local anaesthetic toxicity than primary cell lines and thus may be a more sensitive model. 2, 42 We observed correlations between toxicity and octanol/ buffer partition coefficients as well as clinical potencies. Thus, the therapeutic margin seems to be approximately the same for all local anaesthetics, irrespective of whether they are esters or amides. In contrast to other studies, 17, 18 ours did not find that esters were more toxic than amides.
In conclusion, local anaesthetics induce concentrationdependent apoptosis and thus cytotoxicity. The cytotoxicity of local anaesthetics correlates moderately with lipophilicity and clinical potency in nonneuronal cells, but this is less pronounced when compared with neuronal cells. Furthermore, local anaesthetic-induced cytotoxicity is independent of the ester or amide link. Finally, the more recently introduced pipecoloxylidine S(À) enantiomers offer no advantage with regard to local cytotoxicity.
